To identify recombined PERVs, we constructed a neighbor-joining tree representing the 1 1 5 5'-and 3'-LTR sequences of full-length PERVs across 14 genomes. The resulting 1 1 6 phylogenetic tree was divided into three large clusters ( Fig. S1 ), suggesting that the ages 1 1 7 of individual PERVs varied and that three large integration events had occurred. Retrovirus integration creates a short duplication called target site duplication (TSD) 1 1 9 flanking the LTR (22, 23). Here, 4 bp TSDs were flanking the provirus. Remarkably, 11
PERVs did not share the same TSD (Table 1, Table S3 ), likely due to chromosomal 1 2 1 rearrangement through homologous recombination between distant PERVs, as mentioned 1 2 2 in a previous study of primate ERV (24). of LTRs are flanking the PERV, the LTRs are divergent. Detection of PERV-related sequences in mammalian genomes.
After screening 142 mammalian genomes (Table S4) in Genbank, we identified a (Jaculus jaculus) that showed highly significant similarity (for gag and pol: >75% to PERVs using tBLASTn and choosing three major proteins (Gag, Pol and Env) of To demonstrate the similarity between PERVs and eJJRVs, we generated pairwise comparison, we determined the similarity of HIV-1 provirus sequence to that of its closest 1 4 7 relative (chimpanzee SIVcpz) (27, 28) . We found that between eJJRV and PERV-A, -B 1 4 8
and -C, gag and pol were more similar than HIV-1 and SIVcpz (Fig. 2D ). However, the 1 4 9
RBD and the proline rich-region (PRR) of the surface subunit (SU) of env were dissimilar 1 5 0 between eJJRV and PERV-A, -B and -C, and this pattern was also found between HIV and 1 5 1
SIVcpz. In PERVs, the RBD and PRR determine the host range (29-32), suggesting that, eJJRVs clustered with PERVs ( Fig. 2A-C) , which suggested that PERVs and eJJRVs 1 5 6 might share common ancestor. In Fig. 2C , a sub-branch close to PERV-A and PERV-C was 1 5 7
showed, and the PERVs in the branch were named as PERV-IMs, which were present in 1 5 8
all 14 pig genomes. The Env proteins of PERV-IMs showed relatively low similarity to 1 5 9 10 that of PERV-A, -B, and -C. And RBD region alignment suggested that PERV-IM was 1 6 0 distinct from PERV-A, -B and -C (Fig. 3) . So PERV-IM could be a new class of PERVs. and Env (C) constructed using amino acid sequences of PERVs, eJJRVs and other 1 6 3 11 representative gammaretroviruses (Table S5) . Bootstrap values <65% are not shown in PERVs. As the quality of another three of the eJJRVs were poor, we were only able to identify one the eJJRV and the PERVs (Fig. 2E ). The eJJRV LTRs included a repeat structure (three 18 1 7 7 bp and two 21 bp repeat sequences) in the U3 region, identical to that of the PERV LTR of the eJJRV and LTR B2 of PERVs (Fig. S6 ). Furthermore, 3' LTR of eJJRV had high 1 8 0 identity with LTR B2 of PERV (~73%). Therefore, our results indicated that eJJRVs and 1 8 1 PERVs were homologous. The RBDs of eJJRVs and PERVs were distinct, so we used the RBD amino acid sequences KN676182.1, KN680906.1, and KN676638.1) . We examined the gene 1 8 9
flanking the eight hits (especially pol), and found that ERVs including these hits were 1 9 0 endogenous gammaretroviruses. These hits were therefore designated ePCRVs. We 1 9 1 aligned the RBDs of PERVs and ePCRVs, and found that ePCRVs were highly similar to 1 9 2 PERVs (Fig. 3) . To quantify the homology between ePCRVs and PERVs, we made 1 9 3 pairwise comparisons. Our comparisons suggested that ePCRV_1 and ePCRV_2 had a 1 9 4
high identity with PERV-B (63%) but a low identity with PERV-A, -C and PERV-IM (40-1 9 5 43%). Therefore, PERV RBD might be derived from ePCRVs, and the divergence of RBD ePCRVs (ePCRV_1 and ePCRV_2) predicted to harbor both the 5' and 3' LTRs were 2 0 0 selected to align with PERVs. were relatively recent (~3.4 MYA and ~4.4 MYA, respectively) ( Fig. 4 , Table S2 ). to be much older than PERVs (~10.7 MYA and ~8.4 MYA). Evolutionary history of PERVs. But the SU subunits of env were dissimilar between eJJRVs and PERVs, indicating that 2 2 9 the subunit may be derived from other ERVs (Fig. 5 ). Then ePCRVs emerged ~10.7 MYA, 2 3 0 and the SU subunit of env, especially RBD, was highly similar to that of PERVs, which 2 3 1
suggested that PCRVs may also be a donor of the ancestral PERV. Third, the ancestral humans while PERV-C infects only pig cells (7, 12, 36) . It is possible that PERV-C 2 4 4 descended from PERV-A, but lost the ability to infect other species in order to increase its 2 4 5 adapt ability. 
